The present study provides mechanistic details of a mild aromatic C-H activation effected by a copper(II) center ligated in a triazamacrocylic ligand, affording equimolar amounts of a Cu III -aryl species and Cu I species as reaction products. At low temperatures the Cu II complex 1 forms a three-center, threeelectron C-H · · · Cu II interaction, identified by pulse electron paramagnetic resonance spectroscopy and supported by density functional theory calculations. C-H bond cleavage is coupled with copper oxidation, as a Cu III -aryl product 2 is formed. This reaction proceeds to completion at 273 K within minutes through either a copper disproportionation reaction or, alternatively, even faster with 1 equiv of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), quantitatively yielding 2. Kinetic studies of both reactions strongly implicate a rate-limiting proton-coupled electron transfer as the key C-H activation step, a mechanism that does not conform to the C-H activation mechanism in a Ni II analogue or to any previously proposed C-H activation mechanisms.
Introduction
Selective activation and functionalization of C-H bonds is a grand challenge of modern chemistry to enhance our ability to convert common hydrocarbon feedstocks to value-added products.
1-4 Activation of ostensibly nonreactive C-H bonds under mild conditions is generally thought to require a metal catalyst operating through a limited number of reaction mechanisms. [5] [6] [7] Metal-mediated cleavage of a C-H bond usually proceeds through oxidative addition 5 or electrophilic metalation, 6 but other mechanistic proposals such as σ-bond metathesis and σ-complex-assisted metathesis (σ-CAM) 7 have also been proposed. Another attractive pathway involves an initial formation of a weak interaction between a metal (M) and a C-H σ-bond, aptly described as a σ-complex with an agostic C-H · · · M interaction. 8 The reactivity and selectivity of C-H activation is generally accepted to result from the nature of such σ-complexes, many of which have been structurally and spectroscopically characterized.
9-12 Functionalization of C-H bonds through an agostic intermediate is possible, albeit generally at elevated temperatures over days and almost exclusively with non-earth-abundant precious second-and thirdrow transition metals. We reported some years ago an intriguing C-H activation reaction effected by Cu II ligated to triazamacrocyclic ligands that involved a Cu II disproportionation to afford equimolar amounts of Cu III -aryl (2) and Cu I products (Figure 1 , top).
20,21
However, the complex kinetic data precluded any simple mechanistic proposal for the rate-limiting step of this reaction. We report here the electron paramagnetic resonance (EPR) characterization of the initially formed Cu II macrocyclic species 1 (using H33m as ligand, Figure 1 ), which implicate a threecenter, three-electron C-H · · · Cu II interaction for the C-H group that is activated. The structure of this intermediate species is supported by density functional theory (DFT) calculations. Kinetic data obtained by UV-vis monitoring strongly support a mechanism that involves a rate-limiting proton-coupled electron transfer (PCET) step, involving 1 and another Cu II complex capable of accepting a proton and an electron. This results in a copper disproportionation as Cu III and Cu I products are formed. Additional support for this PCET mechanism is the reaction of 1 with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), affording quantitative formation of the Cu III -aryl (2) and TEMPO-H (Figure 1 ). This reaction proceeds even faster than the copper disproportionation reaction. The identification of this unusual C-H activation mechanistic pathway is important to explain the observed facile reactivity under remarkably mild conditions. The resulting Cu III -aryl product reacts efficiently under mild conditions with nucleophiles such as hydride or nitrogen/oxygen nucleophiles, 22-24 leading to productive functionalization of the aromatic C-H bond, and thereby completing a C-H activation/functionalization cycle. Altogether, this mechanistic understanding provides new insights into the design of new catalysts that effect mild C-H activations via PCET that could be coupled with desired heteroatom functionalization processes.
Experimental Section
Ligands H33m, D-H33m, and pNO 2 -H33m were synthesized following published procedures, 20-22 and characterization of complex 2 was performed according to previous work. diffraction details are given in Table S1 . A similar procedure using Ni II (ClO 4 ) 2 yielded 4 · (ClO 4 ). 2 were dissolved in butyronitrile (1.5 and 0.5 mL, respectively) at room temperature. Before mixing, each solution was cooled to 233 K (CH 3 CN/LN 2 ). The resulting intense green solution was stirred for 3 min, after which ca. 120 µL were transferred to a precooled (193 K) X-band EPR sample tube, which was immediately placed into LN 2 , yielding a green-colored glass. The sample tube was kept frozen throughout the EPR experiments.
[Cu II (D-H33m)](CF 3 SO 3 ) 2 . A similar procedure was followed to prepare the monodeuterated analogue using D-H33m (9.40 mg, 40 µmol) and Cu II (CF 3 SO 3 ) 2 (14.50 mg, 40 µmol) in butyronitrile. EPR Spectroscopy Details. Continuous-wave (cw) EPR measurements at X-band were performed on a Bruker E500 spectrometer equipped with a superhigh Q cavity. Experimental conditions: microwave (mw) frequency, 9.495 GHz; mw power incident to the cavity, 0.2 mW; modulation frequency, 100 kHz; modulation amplitude, 0.1 mT. Sample cooling was achieved using a LN 2 dewar (120 K).
Pulse EPR measurements at X-band (mw frequency 9.748 GHz) were performed on a Bruker E580 spectrometer at 15 K. The field-swept EPR spectrum was recorded via free induction decay (FID) following a pulse length of 500 ns. Davies ENDOR experiments were carried out with a pulse sequence of π-T-π/2-τ-π-τ-echo, with a π/2 pulse of length 16 ns, a radio frequency pulse of length 10 µs, and either a waiting time τ between the pulses of 200 ns or a more selective sequence with a π/2 pulse of length 200 ns and τ of 500 ns.
HYSCORE spectroscopy with the pulse sequence π/2-τ-π/2-t 1 -π-t 2 -π/2-τ-echo was carried out with the following instrumental parameters: t π/2 ) t π ) 16 ns; starting values of the two variable times t 1 and t 2 , 96 ns; time increment, ∆t ) 16 ns (data matrix 400 × 400). In order to eliminate blind-spot artifacts, up to seven spectra were recorded with τ ) 100, 118, 136, 160, 178, 240, and 360 ns for [Cu The data were processed with the program MATLAB 7.0 (The MathWorks, Natick, MA). The HYSCORE time traces were baseline corrected with a second-order exponential, apodized with a Gaussian window, and zero filled. After a two-dimensional Fourier transform the absolute-value spectra were calculated. The experimental cw EPR spectra were simulated using the EasySpin package. 25 The HYSCORE spectra were simulated with a custom program, 26 taking into account peak amplitudes. Computational Details. All geometry optimizations were performed at the B3LYP level, 27-29 with a standard 6-31++G(d,p) basis set 30 in the Gaussian03 package. 31 The geometry optimizations were performed without symmetry constraints, and the stationary points found were characterized by analytical frequency calculations. Solvent effects, including contributions of nonelectrostatic terms, were estimated in single-point calculations on the gas-phase optimized structures, based on the polarizable continuous solvation model (PCM) using CH 3 CN as a solvent.
32,33 The cavity was created via a series of overlapping spheres. Solvent effects were also considered in timedependent DFT (TD-DFT) calculations with the same functional and basis set on 1 and 3. Natural bond orbital (NBO) analysis 34 at the same level of theory provided a quantitative picture of the C-H · · · Cu II interaction in terms of the second-order delocalization energy correction (Table S2 , Supporting Information).
35
In addition, local aromaticity changes have been quantified using two probes of local aromaticity based on structure and magnetic properties, respectively. As a structure-based measure of aromaticity, the harmonic oscillator model of aromaticity (HOMA) index (eq 1) is used, defined by Kruszewski and Krygowski as 36 where n is the number of bonds considered and R is an empirical constant (for C-C bonds, R ) 257.7) fixed to give HOMA ) 0 for a nonaromatic model system and HOMA ) 1 for a system with all C-C bonds equal to an optimal value R opt (1.388 Å), assumed to be achieved for fully aromatic systems. R i stands for a certain bond length. This index is one of the most effective structural indicators of aromaticity. 37 As a magnetic index of aromaticity, the nucleus-independent chemical shift (NICS) proposed by Schleyer and co-workers was used.
38 This is one of the most widely employed indicators of aromaticity, and it is defined as the negative value of the absolute shielding computed at a ring center or at some other interesting point of the system. A more negative NICS value indicates greater aromaticity. NICS(1) values estimated at 1 Å above the center of the ring have been also computed. 39 Based on the optimized geometry of 1, spin-unrestricted DFT calculations were performed with the Amsterdam Density Functional (ADF 2006.01) package. 40 The calculation of the hyperfine parameters was performed with the BPW91 functional 41 and an all-electron triple-basis set with double polarization functions (TZ2P) with the scalar relativistic zero-order regular approximation (ZORA) method. 
(1) Figure 5 ). X-ray Diffraction Measurements. Crystal structure measurement of complex 4 · (NO 3 ) was performed at 153(2) K on a Bruker SMART APEX CCD diffractometer using graphite-monochromated Mo KR radiation (λ ) 0.71073 Å) from an X-ray tube ( Figure 6 ; Table S1 ). 35 The measurements were made in the range 2.27-31.53°f or θ. Full-sphere data collection was carried out with ω and scans. A total of 22905 reflections were collected, of which 4890 [R int ) 0.0566] were unique. The structure was solved by direct methods and refined by full-matrix least-squares methods on F 
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). The rate constants that provided the best fit were k -1 ) 7.4 × 10 , respectively). Upon warming to 273 K, this complex disproportionates, forming equal amounts of 2 and a Cu I product (Figure 1 ). The X-ray structure and Cu K-edge X-ray absorption spectrum of 2 indicate a planar, four-coordinate Cu III center.
20
The proclivity of Cu III and Cu II to adopt a planar coordination geometry, combined with the macrocyclic constraints of the H33m ligand, plausibly suggested the existence of a close C-H · · · Cu II interaction in 1. However, the limited thermal stability of 1 has precluded its crystallographic characterization (t 1/2 ) 100 min, 253 K). A DFT optimized model of 1 predicts a significant tilting of the aromatic ring relative to the planar Cu II coordination (31°), resulting in a C-H · · · Cu II interaction. The key metrical parameters of this model (Figure 2 ) are comparable Cu · · · C1 and Cu · · · H a distances (2.17 and 2.14 Å, respectively), an acute C1-H a · · · Cu II angle of 77°, an elongated C1-H a bond compared to that in the free ligand (1.099 and 1.084 Å, respectively), and nearly equivalent C-C bonds within the benzene ring.
9,45
Spectroscopic characterization of the C-H interaction with a paramagnetic metal center such as Cu II is problematic, as traditional NMR experiments are generally precluded.
17,46
However, direct information on the Cu II coordination environment in 1 was obtained from Hyperfine Sublevel Correlation (HYSCORE) spectroscopy, a pulsed EPR experiment, 47 through regiospecific deuteration of the H a position. This ligand will be referred to as D-H33m. 22 The X-band cw EPR spectra of the H33m and D-H33m Cu II complexes are identical and exhibit axial symmetry, consistent with an electronic ground state with an unpaired electron localized in a copper d x 2 -y 2 orbital. The HYSCORE spectrum shows mainly isotropic hyperfine (hf) interactions positioned at the 1 H Larmor frequency, arising from the surrounding protons. The additional ridge-like patterns, which are displaced significantly from the anti-diagonal in 1 (arrows, Figure 3 ), are absent in the spectrum of the complex formed with D-H33m. This unambiguously associates these signals with the H a position. Additionally, in the latter sample, signals in the low-frequency range (2-3 MHz) are observed with a deuterium hf coupling that is consistent with the observed proton hf coupling.
The HYSCORE parameters for H a from spectral simulations (A 1 ) A 2 ) 13 MHz, A 3 ) 28.5 MHz, tilt angle ( ) of 40-60°b etween g | and A 3 ) predict a copper-to-H a distance of 1.8-2.5 Å from the calculated dipolar contribution T ) 5.17 MHz. This large range results from assuming either a 100% (pure ionic bonding) or 40% (DFT estimate) localization of the unpaired electron on the copper center. Assuming a mid-range angle of 50°, the Cu · · · H a distance is restricted to less than 2.15 Å, very close to that predicted by DFT calculations (2.14 Å). The experimentally and computationally characterized C-H · · · Cu II interaction in 1 is unusual, as the accepting orbital on the d 9 copper center is half-filled, yielding a three-center, three-electron interaction. A C-H · · · M agostic designation is not formally appropriate, as it requires σ donation from a σ C-H bond orbital to an empty d orbital of the transition metal (threecenter, two-electron interaction), with the possibility of backdonation from the metal to the empty σ* C-H orbital. 8, 9 Lacking an unfilled d orbital, this interaction in 1 is probably best described as a σ complex rather than an agostic interaction. Other possible descriptions such as an anagostic type of interaction, 9 an intermolecular multicenter hetero-acceptor hydrogen bond (IMH), 44 tions precludes an anagostic designation. 9 A Natural Bond Orbital (NBO) analysis suggests that the interaction is too strong to be classified as an IMH; the net σ C-H to Cu II second-order delocalization energy (Cu Table S5) 35 of 25.5 kcal mol -1 is significantly higher than that for a typical hydrogen bond (1.5 kcal mol -1 ). 45 NBO analysis also indicates backdonation from a variety of filled Cu II orbitals with the proper orientation to the σ* C-H orbital with a delocalization energy of 2.2 kcal mol -1 . A Wheland arenium intermediate involves a significant loss of aromaticity, which is not observed in the optimized structure.
6, 48 The absence of expansion of the arene ring 48 in 1 (d C-C (average) ) 1.404 Å, benzene ring d C-C (average) ) 1.400 Å) and the small decrease of aromaticity of the six-membered ring in 1 compared to the H33m ligand (HOMA indexes are 0.963 and 0.909, and NICS(1) indexes are -9.68 and -7.45 ppm, for H33m and 1, respectively) argue against a metal arenium species or an arene radical species. A ligand radical species is also precluded by the EPR spectrum that clearly indicates a Cu II center. Indeed, the total spin density observed over the six C atoms of the ring is 0.2 electron, and the Natural Population Analysis (NPA) charges over C and H atoms of the arene ring increase by +0.27 with respect to the free ligand, which is in line with a minimum alteration of the aromaticity (Figure 4) . 50 Similar behavior was found for a C-H · · · Rh I interaction in a pincer-type complex that was described as an agostic interaction. 51 Combined, these results support the designation of 1 as a σ-complex, which to our knowledge is the first example reported for a Cu II center.
8,9,45
The C-H activation process may be achieved either by a Cu II disproportionation reaction or by the addition of 1 equiv of TEMPO, a neutral radical species with limited oxidizing capabilities. Even though 1 is not detectable by 1 H NMR due to its paramagnetic nature, the diamagnetic products of either reaction are identified readily. (Table S6) . 35, 52 In the case of TEMPO, the reaction occurs within seconds at 273 K and 40 min at 233 K with a single equivalent. At the lower temperature, the reaction rate is found to be first-order in [TEMPO] and exhibits a kinetic isotope effect (KIE), k H /k D , of 3.0 for 1 formed with the H33m and D-H33m ligands, respectively. The activation parameters determined (∆H q ) 11.0 ( 0.5 kcal mol -1 , ∆S q ) -20.4 ( 2.0 cal K -1 mol -1 ) for the reaction are consistent with a bimolecular association as a rate-limiting step. 35 The insensitivity of the reaction rate to changes in the ionic strength of the solution suggests a rate-limiting step involving at least one uncharged species. 35 As TEMPO is only a mild oxidant, 53 a bimolecular, rate-limiting PCET step is consistent with these The addition of a one-electron oxidant such as ferrocenium cation under the same conditions as for TEMPO did not promote degradation of the 425 nm CT band of 1 ( Figure S6f ). 35 To gain further mechanistic insight into this reaction, DFT calculations were run to probe possible transition states (TSs) to account for the product formation ( Figure 5 ). The direct reaction of 1 with TEMPO afforded a TS with an energy barrier of 22.9 kcal mol -1 , far above the experimental enthalpy of 11 kcal mol -1 . A TS more in line with the experimental barrier is found by including an intervening water molecule that serves as a relay; the calculated barrier is 9 kcal mol -1 . Apparently, the steric clash of the methyl groups of TEMPO with complex 1 without an intervening water molecule leads to a much higher barrier. 56 Experimentally, the addition of small amounts of water (ca. 0.2% v/v) to the reaction solution causes significantly faster decays, in agreement with computational results ( Figure S6g , Supporting Information).
35
The copper disproportionation reaction is much more complicated, as evidenced by its extreme sensitivity to the ligand: Cu II molar ratio. Ligand in excess of a 1:1 ratio greatly accelerates the disappearance of 1, while excess Cu II leads to slower, biphasic decays (Figure 6a ). The decay of 1 with a 1.3:1 H33m:Cu II ratio (i.e., excess ligand) is fitted reasonably with a single exponential, as is the decay of 1 formed with D-H33m, yielding a KIE of 2.6 at 286 K. This complicated behavior can be modeled adequately with a five-step mechanism in which the C-H bond cleavage must be rate-limiting (Figure 6b,c) . 44 Certainly, additional steps provide better fits, but no four-step mechanism could be obtained that adequately reproduced the biphasic behavior.
The first step involves the formation of the σ C-H complex ( 2+ (3) also activates the C-H bond in a singleexponential process, but the characteristics of this reaction are significantly different: the reaction is at least 10 3 slower, with a KIE k H /k D ) 12 at 298 K, is not accelerated by added base or TEMPO, and forms a Ni II -aryl (4), not a Ni III -aryl species, as the final product (Figure 7) . 35 The DFT-optimized (57) The need of R5 in the mechanistic proposal is also in agreement with the pH dependence of the reactivity found, since the addition of small amounts of H 2 O or aqueous buffer causes slower, non-first order decay of 1 ( Figure S12 , Supporting Information). structure of 3 shows metrical parameters comparable to those of 1. A classical three-center, two-electron agostic description is appropriate for 3, with the empty d x 2 -y 2 orbital as the acceptor. The reaction mechanism to obtain 4 is currently unknown, as it does not conform to a base-assisted deprotonation, 58 and oxidative addition to form a Ni IV hydride lacks chemical precedent.
Conclusions
In summary, we have reported a detailed study that covers the key mechanistic aspects of a mild C-H activation process conducted by a triazamacrocyclic Cu II complex. Low-temperature spectroscopic characterization of the intermediate [Cu II (H33m)] 2+ (1) suggests an aromatic C-H bond in close proximity to the Cu II center. A nonconventional σ interaction due to the half-filled d x 2 -y 2 copper-accepting orbital is suggested by DFT analysis. Importantly, pulse EPR methods in combination with DFT calculations provide great insight into paramagnetic metal-hydrocarbon interactions when more conventional NMR studies are precluded. The reactivity of 1 has been explored by kinetic UV-vis measurements with the help of isotopic-substitution experiments, both in the absence and in the presence of TEMPO, suggesting a mechanism controlled by a rate-limiting PCET step. The Ni II analogue complex 3 shows different kinetic behavior to afford the [Ni
II
-aryl] + complex 4 as product, with no changes in the nickel oxidation state. The dramatic differences in the C-H activation steps of the Cu II and Ni II complexes formed with the macrocyclic H33m ligand strongly support different C-H activation mechanisms within comparable structures. In the copper case, the accessibility of the 3+ oxidation state and the stability of the squareplanar [Cu III -aryl] 2+ species are presumably key attributes that allow a PCET mechanism to be operative, which is absent in the Ni case. Moreover, TEMPO radical does not react with 3, but its reaction with 1 involves the removal of the aryl-hydrogen (58) Although base-assisted deprotonation could be a priori envisioned on the basis of the unchanged redox state for the nickel(II) ion and the large KIE value, it seems unlikely, as added base does not accelerate the formation of 4. the C-H · · · Cu II interaction must significantly weaken this C-H BDE. The recognition of this C-H bond activation via a PCET pathway suggests new routes for designing new metal catalysts that may lead to more effective and selective C-H functionalization reactions under mild conditions. 59,60
